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Differential scanning calorimetry (DSC) is widely used to study the stability of 
amorphous solids, characterizing the kinetics of crystallization close to the glass-
transition temperature Tg.  We apply ultra-fast DSC to the phase-change material 
Ge2Sb2Te5 (GST) and show that if the range of heating rates is extended to more than 
10
4
 K s
−1
, the analysis can cover a wider temperature range up to the point where the 
crystal growth rate approaches its maximum.  The growth rates that can be 
characterized are some 5 orders of magnitude higher than in conventional DSC, 
reaching values relevant for GST’s application as a data-storage medium.  The kinetic 
coefficient for crystal growth has a strongly non-Arrhenius temperature dependence, 
revealing that supercooled liquid GST has a high fragility.  Near Tg there is evidence for 
decoupling of the crystal-growth kinetics from viscous flow, matching the behaviour for 
a fragile liquid suggested by studies on oxide and organic systems. 
 
 
There is currently much interest in chalcogenide-based phase-change (PC) materials for 
data storage
1
.  A range of compositions, such as Ge2Sb2Te5 (known as GST) in this study, are 
used in rewritable optical data storage and, importantly, may be the basis of a favoured 
technology for non-volatile electronic memory
2
.  Reversible switching between amorphous 
and crystalline states of differing optical reflectivity and electrical resistivity is achieved by 
heating:  by laser in optical memory, i.e. rewritable compact discs (CD-RWs), digital versatile 
discs (DVDs) etc., and by electrical Joule heating in random access memory (PC-RAM).  A 
thin amorphous deposit can be crystallized by heating; more intense heating of the 
crystallized material can melt it, allowing the liquid to be rapidly quenched back into a glassy 
state.  The application of PC materials in memory is viable only if the crystallization is rapid, 
taking 10−100 ns. 
In GST there is no local composition change on crystallization
3
.  The rocksalt structure 
of the crystal is mimicked in the liquid, which has square ABAB rings, the reorientation of 
which on crystallization may be facilitated by high vacancy concentrations in both phases
4,5
.  
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These features favour fast crystallization.  On the other hand, for data retention the amorphous 
phase must show resistance to crystallization under ambient conditions, making the 
temperature dependence of crystallization kinetics critical in the selection of materials for PC 
memory
1
. 
Crystallization takes place in the supercooled liquid above gT , not in the glass, and the 
temperature dependence of atomic mobility in the liquid, readily characterized by viscosity , 
is therefore relevant.  Glass-forming systems have a viscosity of s Pa 1012  at gT .  Above gT , 
according to Angell
6
, strong liquids show near-Arrhenius behaviour, with the effective 
activation energy for viscous flow being almost independent of temperature, while fragile 
liquids show an effective activation energy that is high near gT  and decreases markedly as the 
temperature is raised.  The spectrum of behaviour is characterized by the fragility, 
    
g
g10 dlogd TTTTm   .  Though determined for many chalcogenide systems, the fragility 
of GST surprisingly is not known.  Often m has been inferred from conventional DSC studies 
of the glass transition on heating
7
, but this transition is nearly impossible to detect in GST
8
.  
And for phase-change systems in general there are few if any data on the viscosity of the 
supercooled liquid, because it crystallizes so readily.  Studies on related systems such as 
Te85Ge15 (composition in at.%)
7,9
, suggest that GST should be highly fragile, strongly 
deviating from Arrhenius behaviour.  The most comprehensive analyses of crystallization in 
GST
2,10
, though making use of the best data available, have however taken the temperature 
dependence of the atomic mobility to be Arrhenius. 
In liquids at sufficiently high temperature, the kinetic coefficient for crystal growth 
scales with 1 .  But in systems as diverse as metals11 and organic12 and oxide13,14 glass-
formers, this scaling fails on cooling towards gT .  Especially for fragile liquids, the crystal 
growth rate becomes faster than expected from the viscosity, this decoupling possibly being 
related to a breakdown in the Stokes-Einstein relation between diffusivity and viscosity.  The 
present work aims to explore whether a similar decoupling occurs also for a chalcogenide 
system such as GST. 
There have been many measurements of crystallization kinetics in GST
3,8 & refs therein
.  
Microstructural studies (transmission electron microscopy, atomic force microscopy) permit 
the determination of nucleation rates and incubation times, growth rates, and their temperature 
dependences (activation energies).  Differential scanning calorimetry (DSC)
10
 and electrical 
resistance measurements
15
 have been used to detect shifts in characteristic crystallization 
temperatures with heating rate, permitting determination of activation energies by the 
Kissinger method
16
.  All of these measurements have been of the relatively slow kinetics 
close to gT .  In conventional DSC, for example, a typical heating rate of 
1sK  67.0   induces 
crystallization over tens of seconds
8
, as much as 10
9
 times slower than the crystallization 
relevant for memory device operation.  While these studies may permit useful comparisons of 
different chalcogenide alloys, it is questionable whether crystallization studied in the glassy 
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state or in the supercooled liquid close to gT  is adequately informative about behaviour at 
higher temperatures, especially at temperatures close to the melting point mT  and therefore 
relevant for crystallization in PC memory.  For GST and other PC materials, the need for 
measurement of crystallization kinetics over a much wider temperature range is widely 
recognised
17
. 
Measurements of the optical reflectivity of GST under focused laser irradiation show 
that the crystallization time can be as short as 10 ns
17
, but the corresponding crystal growth 
rates were not determined.  Nevertheless it is clear that higher heating rates are useful in 
accessing kinetics at higher temperature.  Ultra-fast DSC
18 & refs therein
 has provided insights 
into liquid kinetics, for example the temperature dependence of relaxation times at the glass 
transition
19
, but has not been applied to the crystallization of inorganic glasses on heating. 
 
{Figure 1 near here} 
 
We apply ultra-fast DSC to the crystallization of GST, using heating rates  up to 
14 sK  104  .  The crystallization exotherm is readily detectable in the DSC traces (Fig. 1) 
and its maximum, at pT , shifts to higher temperatures at higher heating rates.  A plot of 
 2pln T  vs p1 T  has a gradient of RQ , where Q is the activation energy for 
crystallization.  This is the Kissinger method
16
, critically analysed in ref. 20 (Supplementary 
Information).  In conventional DSC the range of heating rate is narrow, and Kissinger plots 
tend to be straight (single activation energy).  In the present case (Fig. 2), the data obtained at 
higher heating rates are a clear extension of the conventional DSC and other data collected in 
Fig. 2, but the plot is curved, the effective activation energy decreasing at higher temperature. 
 
{Figure 2 near here}
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In Fig. 2, the red line is a fit to our data (at  = 50 to 2×104 1sK  ) and to an average of 
published data obtained at conventional lower heating rates.  Although the crystallization of 
GST is considered to involve nucleation and not just growth, the activation energy given by 
the Kissinger method is primarily that for growth (Supplementary Information).  We take the 
red line in Fig. 2 to represent the temperature dependence of the crystal growth rate U.  In 
effect we take U to be proportional to  2pT , but the absolute values of U are not 
obtainable. 
The crystallization of GST is polymorphic
3
, but our limited data do not allow a 
differentiation of different growth mechanisms of the kind tested in ref. 14, so we make the 
simplest assumption of continuous normal growth for which U is
13
: 
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where Ukin is the kinetic coefficient (i.e. limiting growth velocity at high driving force), and 
the thermodynamic factor  involves the driving force for crystallization G.  In the absence 
of specific heat data, we must estimate G from the latent heat of melting mH  and the 
melting temperature mT .  For pure metals mm TTHG   where T is the supercooling (
TT m ), but for glass-forming systems G rises less rapidly with T; we use the expression 
of Thompson and Spaepen
23
 likely to be a reasonable approximation for fragile chalcogenide 
liquids
24
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Taking K 900m T  and 
1
m mol kJ 13.12
H  (from ref. 10), we use equations (1) and (2) to 
plot the temperature dependence of the kinetic coefficient Ukin (green line in Fig. 2). At lower 
temperatures, kinU  and U converge, justifying conventional DSC analyses that ignore . 
 
{Figure 3 near here}
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Figure 3 is an Angell plot
6
 comparing the temperature-dependent viscosities  in glass-
forming liquids.  Given that kinU  scales with 
1  close to mT
13
, the kinU  curve in Fig. 2 can 
be inverted and transposed onto Fig. 3, to locate GST in the spectrum of strong/fragile 
behaviour.  The transposition requires a value for gT , which we take to be 383 K, a value 
similar to that suggested in ref. 26, consistent with the crystal-growth data in ref. 25, and 
representative of a well relaxed glass.  In making the transposition, the absolute values of  
are unknown, but are adjusted to match the viscosity of 1.1 to s Pa 102.1 3  for GST at 900 
K from molecular-dynamics simulations
4
, which also matches measurements on 1585GeTe
9
.  It 
is then of interest that the temperature dependence of the viscosity, directly obtained from that 
of 
1
kin

U , fits very well the spectrum of fragility on the Angell plot.  For   33.1g TT , i.e. 
  75.0g TT , the data from crystallization kinetics match the viscosity curve expected for a 
liquid of fragility 70m  (near to o-terphenyl).  The green curve on Fig. 3, representing the 
effective viscosity derived from Fig. 2, is a fit to the data using the expression of Cohen and 
Grest
27
 based on free-volume theory (Supplementary Information).  This curve deviates from 
the expected viscosity at lower temperatures, extrapolating not to s Pa 1012  at gT  but to a 
value two orders of magnitude lower.  Crystal growth rates directly measured
25
 near gT  can 
also be used to estimate  (Supplementary Information); the data are shown in Fig. 3, and 
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extrapolate to nearly the same effective value of  gT  as obtained by extrapolation of our 
ultra-fast DSC data, providing an important validation. 
 
{Figure 4 near here}
 
 
The discrepancy in  values at gT  can be regarded as the crystal growth rate at gT  being 
higher than expected from the viscosity.  Such an effect can arise when the mobilities of 
different atomic species diverge on cooling below mT .  Ediger et al.
13
 expressed this 
decoupling as a scaling  kinU , where  .  In contrast, Nascimento and Zanotto
14
 
found that deviation from the expected 1kin
U  had a sharp onset for s Pa 10  to10 86 , 
just beyond the range of our data.  The smooth deviation of our data from the expected 
viscosity curve supports Ediger et al.  From our data extrapolated to span the range gT  to mT , 
we find  ; this value fits within the correlation of  and m given by Ediger et al. (Fig. 
4). 
The variation of kinU  over the range gT  to mT , when multiplied by the thermodynamic 
factor  (equation (1)), gives the crystal growth rate U (Fig. 5).  As noted in other studies of 
supercooled liquids
13,14
, the interplay of kinetics and thermodynamics gives a maximum in U.  
The maximum is close to mT , but for more fragile systems it is as low as m 83.0 T
28
, just the 
value found in the present case.  Earlier modelling suggested  TU  very similar behaviour to 
that in Fig. 5
29
.  The present data from ultra-fast DSC establish  TU  over a usefully wide 
temperature range.  While the crystallization temperatures in PC-RAM operation may be even 
higher, the values of U cannot be very different, given the low effective activation energy. 
 
{Figure 5 near here} 
 
Ultra-fast DSC extends conventional measurements and can characterize the 
temperature dependence of the crystallization rate of GST up to at least m72.0 T  ( g70.1 T ).  
Characterization at still higher temperatures may require complementary techniques based on 
cooling from above mT
28
.  By combining the new crystallization data with viscosity evaluated 
at mT  and conventional calorimetric and microscopical analyses near gT , it has been possible 
for the first time to describe the crystal-growth kinetics in GST self-consistently over the 
entire temperature range gT  to mT  (derived from equation (S5) in Supplementary 
Information).  This description suggests that liquid GST has a high fragility ( 70m ), giving 
a strong temperature dependence of crystallization rate, and absolutely fast crystallization at 
high temperature, both important for its application in PC-RAM.  Attempts to model PC-
RAM operation have commonly assumed an Arrhenius  temperature dependence of 
crystallization rate, an approach now seen to be invalid.  From correlations for different 
families of glasses
30
, GST’s high fragility may indicate that it is mechanically tough, not 
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brittle, presumably favourable for its application in devices.  The kinetic description of GST 
suggests that the coefficient kinU  for crystal growth is progressively decoupled from viscosity 
as the temperature is lowered towards gT , scaling as 
 kinU , where 85.0 .  GST, a 
chalcogenide, fits the correlation of  with m, seen for a range of oxide and organic liquids.  
The decoupling of kinU  and , and the marked non-Arrhenius temperature dependence of 
both, show that conventional crystallization measurements near gT  must have limited 
relevance for the fast crystallization occurring in PC-RAM devices.  The present study has 
yielded a preliminary kinetic description of crystal growth in GST.  While this may provide a 
better basis for modelling of crystallization and device performance, much remains to be done 
to exploit the potential of ultra-fast DSC for rapid screening of materials for PC memories. 
 
 
METHODS 
Amorphous GST thin films were deposited on pre-cleaned glass microscope slides and DSC chip sensors by RF 
sputtering in a Nano 38 system (Kurt J. Lesker, USA) from targets (Testbourne Ltd., UK) of the composition 
Ge2Sb2Te5 at a power of 45 W.  The sputtering gas was high-purity argon maintained at a pressure of 0.4 Pa.  
The target-substrate distance of 150 mm gave deposits of low stress.  The substrates, initially at room 
temperature, heated by < 10 K during deposition.  All differential scanning calorimetry measurements were on 
as-deposited films (80 nm thick on the sensors, 270 nm on the glass slides).  The presence of the metastable fcc 
GST phase in samples crystallized in the DSC was confirmed by diffraction from thin foils in transmission 
electron microscopy. 
High heating and cooling rates are possible in a calorimeter if the part of the system undergoing 
temperature change has a low thermal mass.  As outlined in ref. 18, this can be realised in a thin-film geometry 
with the sample resting directly on the heater and temperature sensor, in contrast to the use of furnace enclosures 
and sample pans in conventional calorimetry.  The best results are obtained by adopting the principles of 
conventional power-compensation DSC which measures the differential heat flow necessary to maintain the 
sample and a reference at the same temperature as each other throughout the imposed temperature programme.  
The present calorimetry was performed using a Mettler-Toledo Flash DSC 1, an instrument based on the 
operating principles described by Zhuravlev and Schick18.  A silicon chip is the mounting frame for a silicon-
nitride membrane on which are deposited thin-film heaters, thermocouples and 0.5 mm diameter aluminium 
plates acting as sample and reference areas.  The latter is used ‘empty’ (i.e. with no reference material on top).  
The sample and reference areas on the membrane each have a main heater to control the temperature 
programme, a subsidiary heater for power compensation, and eight thermocouples.  The power compensation 
scheme is adapted from conventional DSC, and applies power to the sample or reference, whichever is colder.  
The membrane and functional layers on top have a total thickness of ~2.1 m.  Temperature calibration is 
performed, at different heating rates, by measuring the onset of melting of a 1 g sample of indium.  To hinder 
oxidation, heating was under a nitrogen flow of 1min ml 20  . 
It was expected that the best results would be obtained for GST films deposited directly onto the sensor 
chip to ensure good thermal contact.  This was not successful as delamination occurred on heating.  As an 
alternative, the GST samples were obtained by scraping an as-deposited thin film off glass substrates, and 
placing a small amount (50 to 100 ng) of the flaky powder onto the sample area.  With such samples, there is 
inevitably some variation in the quality of the thermal contact with the instrument sensor.  At a given heating 
rate there is a spread in peak temperature (Fig. 2).  In fitting the data, most weight was given to the lowest peak 
temperature, reflecting the best thermal contact.  This provided a reliable basis for the Kissinger analysis. 
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Figure 1  Ultra-fast heating of amorphous Ge2Sb2Te5 (GST).  These differential scanning 
calorimetry traces are labelled with the heating rate in K s
‒1
.  Each trace shows an exothermic peak 
(arrowed) corresponding to crystallization to the metastable fcc phase in powdered samples of mass 
50−100 ng.  The inset shows a close-up of the exothermic peaks at the lowest heating rates. 
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Figure 2  A Kissinger plot for crystallization of supercooled liquid Ge2Sb2Te5.  In this method
16,20, 
the peak temperature Tp in DSC, or some similar point in other data, is measured as a function of 
heating rate .  The plot has a gradient of –Q/R, where Q is the activation energy for crystallization, to 
a good approximation that for crystal growth.  For GST, Q decreases from 251 to 10 kJ mol
‒1
 with 
increasing The data of Park et al.
21
 are from conventional DSC ( = 0.08–0.33 K s
−1
) on films of 
thickness d = 80 nm.  The data of Friedrich et al.
22
 ( = 0.009–0.09 K s
−1
; d = 80 nm) and of Choi et 
al.
15
 ( = 0.05–8.33 K s
−1
; d = 250 nm) are from electrical resistometry.  The sharp break in the latter 
data, to much lower activation energy at heating rates higher than 0.8 K s
−1
, is difficult to reconcile with 
expected liquid kinetics.  The red curve represents the temperature dependence of the crystal growth 
rate U in GST.  Dividing U by the calculated thermodynamic factor  (equation (1)) gives the kinetic 
coefficient or limiting velocity for crystal growth Ukin (green line). 
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Figure 3  Angell plot for temperature dependence of viscosity, showing the spectrum from 
strong to fragile liquids.  The data on SiO2, Na2O.2SiO2, As2S3, glycerol and o-terphenyl are from 
ref. 6.  The solid green line shows the data for Ukin
−1
 in Ge2Sb2Te5, transposed from Fig. 2.  The 
dashed green lines are extrapolations based on fitting to an expression of Cohen and Grest
27 
(see 
Supplementary Information).  The Ukin
−1
 data are scaled to superpose on the data of Akola and Jones
4
 
(molecular-dynamics simulation of GST at its melting point, 900 K) and Neumann et al.
9
 (measured 
viscosity of equilibrium Te85Ge15 liquid).  The crystal growth rates in GST measured using atomic-force 
microscopy by Kalb et al.
27
, when converted to effective viscosity, extrapolate to a value of ~10
10
 Pa s 
at Tg.  The Ukin
−1
 data from the present work extrapolate to the same value, which is different from the 
point (Tg) = 10
12
 Pa s at which actual viscosities converge.  This is consistent with a decoupling of 
crystal growth kinetics and viscous flow in supercooled liquid GST near Tg. 
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Figure 4  Decoupling of crystal-growth kinetics from viscous flow.  Surveying crystallization in 
oxide and organic liquids, Ediger et al.
13
 suggest that the kinetic coefficient for crystal growth kinU  
scales with liquid viscosity  according to  kinU , where the exponent  is increasingly less than 
one for liquids of higher fragility.  The present fitting of data on GST (green lines in Figs 2 and 3) 
suggests  and m values that lie within the same correlation. 
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Figure 5  Crystal growth rate in supercooled liquid Ge2Sb2Te5 from Tg to Tm.  A Cohen and Grest 
fit (solid and dashed green line in Fig. 3) gives the effective viscosity .  The Stokes-Einstein relation is 
used to interconvert  and Ukin.  The crystal growth rate U is then obtained using equation (1).  At Tg 
(=0.43 Tm), the U is in good agreement with the value (~10
−12
 m s
−1
) extrapolated from the direct 
growth measurements of Kalb et al.
25
.  The ranges are shown (in red) where the temperature 
dependence of U can be obtained from DSC measurements.  See Supplementary Information for 
these data plotted on a logarithmic scale. 
